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SECTION  1 
INTRODUCTION 


Past  studies  of  solid  propellant  combustion  have  been  directed 
toward  both  experimental  and  analytical  investigations  of  the  combustion 
process.  Experimental  studies  have  provided  a  wealth  of  information  per¬ 
taining  to  steady- state  and  nonsteady- state  combustion  for  a  variety  of 
propellants  and  propellant  ingredients.  Analytical  studies  have  been 
directed  toward  a  variety  of  propellant  systems.  However,  ">se  stuaies 
have  not  been  successful  in  representing  the  combustion  procf  s  success¬ 
fully  such  that  they  can  account  for  changes  in  oxidizer,  binder,  catalysts, 
and  meta.l  additives  in  the  framework  of  establishing  combustion  tailoring 
criteria  for  a  given  propellant  system. 

In  April  1967,  the  ..Air  Force  Rocket  Propulsion  Laboratory  (AFRPL) 
contracted  Lockheed  Propulsion  Company  (LPC)  to  study  the  combustion  of 
solid  propellants  with  the  objective  of  providing  such  criteria.  The  program 
includes  a  comprehensive  combustion  literature  survey  to  establish  the  pre¬ 
sent  state  of  combustion  knowledge  and  provide  a  baseline  for  analytical  and 
experimental  work  (3). 

In  the  first  year,  the  program  included  the  design  and  fabrication 
of  combustion  research  apparatus,  representative  of  a  motor  and  amenable 
to  instrumental  monitoring  of  various  facets  of  steady- state  and  transient 
combustion.  Tests  with  a  series  of  well- characterized  propellants  also  were 
conducted  in  the  first  year  effort  to  check  out  experimental  apparatus. 

In  the  second  year,  a  series  of  state-of-the-art  p.ropellants  and 
propellants  containing  advanced  ingredients  are  being  tested  to  provide 
data  which  will  be  used  to  develop  and  implement  an  analytical  model  of 
the  combustion  process.  Development  will  progress  from  a  model  capable 
of  describing  the  burning  rate  characteristics,  of  simple  propellant  systems, 
i.e.  ,  non- metalized  and  uncatalyzed,  to  one  that  is  capable  of  describing 
the  burning  rate  characteristics  of  more  advanced  propellant  systems,  i.  e.  , 
propellants  containing  metal  additives  and  energetic  binders.  In  that  way, 
the  capability  of  combustion  tailoring  will  be  built  into  the  analytical  model. 

The  two-year  combustion  research  program  can  be  divided  into 
five  major  l.»sks  summarized  as  follows: 

(1)  Literature  survey 

(2)  Design,  fabrication,  and  pretest  check  of  combustion 
research  apparatus 

(3)  Experimental  program  with  well- characterized  propellants 
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(4)  Experimental  program  with  operational  and  advanced 
formulations 

(5)  Analysis  and  formulation  of  combustion  tailoring  model 

At  the  present  Parts  1,  2  and  3  are  completed.  Results  contained  herein 
eflAid  conducted  during  the  second  quarter  of  the  second-year 
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PROGRAM  SUMMARY 

This  report  describes  work  accomplished  on  a  study  of  the  combus- 
ol  solid  propellants.  The  overall  goal  of  the  program  is  to  develop  an 
lytical  model  suitably  equipped  to  provide  combustion  tailoring  criteria 
both  state-of-the-art  and  advanced  propellant  formulations.  The  model 
bo  developed  and  implemented  from  data  acquired  from  an  experimental 
gram.  Accomplishments  during  the  report  period  are  summarized  in  the 
owing  subsections. 

1.  ANALYTICAL  PROGRAM 

Utilizing  the  model  as  described  in  the  previous  report,  the  energy 
■ase  in  the  flame  zone  was  determined  to  be  of  critical  importance  in  the 
iei.  Therefore,  a  more  realistic  description  of  the  flame  zone  has  been 
mporated  into  the  model.  The  new  description  is  a  two-stage  flame  con¬ 
ing  of  a  laminar,  premixed  flame  describing  the  AP  combustion  followed 
.  diffusion  flame  in  which  the  reactants  are  the  oxidizing  products  from 
.•\P  flame  and  the  fuel- rich  products  from  the  binder  pyrolysis.  The 
-stage  flame  has  been  described  in  terms  of  one -dimensional  heat  trans¬ 
equations,  The  flame  stand-off  distances  for  the  two  flames  are  approxi- 
ed  by  employing  the  kinetics  for  a  second  order  reaction  for  the  premixed 
-le  and  by  averaging  the  results  of  two-dimensional  diffusion  equations  for 
diffusion  flame. 

2.  EXPERIMENTAL  PROGRAM 

a.  Formulations  and  Burning  Rates  of  Propellants  Tested 

A.  series  of  propellants  containing  four  different  oxidizers  were 
ed.  Burning  characteristics  of  these  propellants  are  reported  in  terms 
neasured  burning  rate  and  self-extinguishment  as  a  function  of  oxidizer 
id  and  concentration. 

b.  Surface  Structure  Studies  of  Extinguished  Samples 

Scanning  electron  microscope  photographs  are  presented  show- 
the  extinguished  surface  of  a  non-metalize d  ammonium  perchlorate  pro- 
ant  burned  over  a  pressure  range  of  100  to  600  psia.  The  surface 
icture  of  the  burning  propellant  is  inferred  through  analysis  of  these 
tographs.  Results  show  that  ammonium  perchlorate  crystals  protrude 
ve  the  binder  surface  at  low  pressure  and  are  below  this  surface  at  higli 
ssures.  In  addition,  propellants  having  a  polyurethane  binder  show  a 
.t  on  the  surface  whereas  those  using  a  CTPB  binder  show  no  evidence  of 
lelt. 
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SECTION  lU 

ANALYTICAL  INVESTIGATION 


1.  GENERAL  DISCUSSION 

The  basic  philosophy  that  is  being  followed  in  developing  the  com¬ 
bustion  tailoring  model  (CT  model)  is  similar  to  that  employed  by  Hermance 
(1,  2)  and  has  been  discussed  in  some  detail  in  the  previous  reports  (3,  4,  5). 
In  the  last  report,  the  geometrical  structure  of  the  propellant  surface  was 
mathematically  modeled  assuming  that  the  oxidizer  surface  is  spherical, 
but  always  joining  the  fuel  at  the  fuel  surface.  Based  on  this  assumption, 
equations  were  derived  (Equations  17,  18  and  19,  Reference  5)  describing 
the  amount  of  propellant  surface  area  undergoing  reaction  by  oxidizer  de¬ 
composition,  fuel  pyrolysis,  or  heterogeneous  reaction.  These  equations 
were  then  incorporated  into  the  basic  equation  of  the  model  which  is  (5  or  1) 

)]  (1) 

L  o  °  ®  J 

where  m  represents  the  mass  flux,  S  the  surface  area  and  the  subscripts 
stand  for  fuel,  oxidizer  and  surface  reactions  (see  the  Nomenclature  for  a 
definition  of  all  terms).  The  mass  flux  terms  are  evaluated  utilizing 
Arrhenius  expressions  of  the  form 

“i  ■  ^i  ■^i  (’-E/RT^)  (2) 

(see  Equations  20,  21  and  22,  Reference  5).  Thus,  it  can  be  seen  that  the 
burning  rate  of  the  propellant  can  be  calculated  as  a  function  of  the  surface 
temperature  and  the  several  parameters  that  are  involved. 

Using  the  same  gas  phase  analysis  and  heat  transfer  mechanism 
as  Hermance  to  determine  the  surface  temperature,  and  using  what  appeared 
to  be  reasonable  parameter  values,  the  burning  rate  was  calculated  for  a 
typicad  composite  propellant.  This  resulted  in  burning  rates  that  were  at 
least  an  order  of  magnitude  greater  than  the  experimental  data;  the  problem 
being  that  the  calculated  sur&ce  temperature  was  tinreasonably  high.  Appli¬ 
cation  of  the  LPC  optimization  program  (optimizing  on  five  parameters  at 
a  time)  indicated  that  the  value  of  ^e  heat  release  associated  with  the  ammon¬ 
ium  perchlorate  gas  phase  decomposition  would  have  to  be  unreasonably  low 
in  order  to  give  readistic  surface  temperatures  and  burning  rates.  Examining 
these  results  in  detail  and  referring  to  the  basic  equations,  it  was  concluded 
that  a  more  realistic  flame  structure  must  be  used  than  that  of  Hermance. 

In  the  Hermance  model,  the  heat  release  due  to  the  AP  flame  was  included  in 
the  summation  of  the  surface  heat  release  which  in  turn  was  employed  as  a 
boundary  condition  for  the  differential  equations  describing  the  heat  transfer 
from  the  propellant  flame.  This  was  an  admitted  assumption,  but  appeared 
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to  be  within  reason  (1,  2).  However,  within  the  framework  of  the  present 
model  with  emphasis  on  the  oxidizer  decomposition,  it  appears  that  the  AP 
flame  must  not  be  included  in  the  surface  processes.  Including  it  tends  to 
force  the  surface  temperature  to  that  of  the  AP  flame  temperature,  which 
is  obviously  incorrect. 

2.  THE  TWO- STAGE  FLAME 

The  results  of  the  model  as  described  above  have  led  to  the  con¬ 
clusion  that  the  heat  release  in  the  flame  must  be  described  as  occurring 
in  two  discrete  steps.  Actually,  this  describes  the  flame  zone  more 
accurately  than  does  the  assumption  that  there  is  a  single  release  of  energy 
at  a  certain  distance  from  the  propellant  surface.  The  following  is  a  des¬ 
cription  of  the  composite  propellant  flame  structure  as  envisioned  by  the 
authors. 


It  is  assumed  that  the  ammonium  perchlorate  (AP)  decomposes 
into  ammonia  and  perchloric  acid  (6).  The  thin  layer  of  molten  AP  which 
apparently  covers  the  crystal  surface  (see  Section  IV  and  Reference  7)  will 
be  assumed  to  occur  in  a  narrow  enough  zone  that  it  can  be  ascribed  to  the 
surface  itself.  (As  a  greater  understanding  of  this  characteristic  and  its 
effect  on  combustion  is  arrived  at,  perhaps  a  more  accurate  mathematical 
description  can  be  acheived. )  The  ammonia  and  perchloric  acid  then  react 
in  the  gas  phase  and  burn  essentially  as  a  mono-propellant  flame  at  or  near 
the  adiabatic  flame  temperature  of  AP.  The  equilibrium  products  of  this 
flame,  mainly  HCl,  HjO,  and  0^,  then  flow  from  the  AP  flame  to  where 
these  and  possibly  other  minor  oxidizing  species  react  with  the  decomposition 
products  from  the  fuel  in  a  diffusion  flame. 

The  fuel  binder  initially  undergoes  pyrolysis  at  a  temperature  close 
to  that  of  the  AP,  liberating  methane,  free  carbon,  hydrogen,  and  other  pro¬ 
ducts,  the  exact  species  and  concentration  being  determined  by  the  composi¬ 
tion  of  the  binder.  The  free  carbon  and  either  methane  or  hydirogen  are  the 
principal  fuel  species  that  react  with  the  midizers  in  the  diffusion  flame. 

This  can  be  determined  from  comparing  the  thermochemical  calculations 
for  a  propellant  with  calculations  for  AP  alone  and  binder  pyrolysis  alone 
but  in  the  proper  proportions  to  simulate  the  given  propellant. 

The  effect  of  pressure  on  this  postulated  flame  structure  is  described 
schematically  in  Figure  1.  At  low  pressures  the  AP  flame  will  be  extended 
from  the  surface,  acting  as  a  premixed  flame,  and  the  diffusion  flame  will  be 
close  to  the  AP  flame,  diffusion  being  enhanced  by  the  low  pressure.  At 
higher  pressures,  the  AP  flame  moves  closer  to  the  surface  while  diffusion 
is  restricted  causing  the  second  flame  to  be  extended  considerably  from  the 
surface.  This  would  indicate  that  at  the  higher  pressures,  the  AP  dominates 
the  combustion  while  at  lower  pressures  the  effect  of  the  binder  plays  a  more 
important  part,  which  is  in  keeping  with  actual  observations.  At  low  pressures, 
as  the  AP  flame  stand-off  distance  is  increased  the  possibility  of  the  perchloric 
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acid  diffusing  into  the  fuel  stream  is  greatly  enhanced.  This  could  result 
in  heterogeneous  reactions  between  the  acid  and  the  binder  or  gas  phase 
reactions  with  the  pyrolysis  products.  At  high  pressure,  the  AP  fuel 
geometric  set-up  may  possibly  have  some  heterogeneous  attack.  In  either 
case  a  separate  heat  source  must  be  considered. 

It  is  impossible  to  describe  the  above  flame  structure  in  tractable 
mathematical  expressions  without  n.aking  several  simplifying  assumptions. 
Figure  2  contains  the  model  of  the  proposed  flame  structure  with  brief 
notations  as  to  the  assumptions  leading  to  the  calculation  of  the  surface 
temperature.  As  was  pointed  out  in  the  previous  subsection,  the  surface 
temperature  must  be  determined  in  order  to  solve  Equations  (1)  and  (2). 

This  is  done  by  assuming  that  the  heat  transfer  from  the  gas  phase  to  the 
solid  surface  is  approximately  one-dimensional.  For  the  AP  flame  this  is 
probably  a  reasonable  assumption,  but  the  diffusion  flame  is  obviously  not 
one -dimensional.  The  assumption  that  it  is  (me- dimensional  is  only  justi¬ 
fied  by  the  reastming  that  at  most  pressures,  the  heat  transfer  from  the 
diffusion  flame  is  small  compared  to  that  of  the  oxidizer  decomposition 
flame,  and  that  some  assumption  is  necessary  in  order  to  arrive  at  a  tract¬ 
able  mathematical  problem.  The  stand'off  distance  for  the  diffusion  flame 
is  determined  from  the  two-dimensional  analysis  of  Burke  and  Schumann 
(8)  which  should  add  to  the  validity  of  the  assumption. 

In  the  analysis  that  follows  the  surface  temperature  that  is  calcu¬ 
lated  is  the  surface  temperature  of  the  AP.  It  will  then  be  assumed  that 
the  surface  temperature  of  the  binder  is  essentially  the  same  as  that  of  the 
AP.  In  the  framework  of  the  present  model  (and  on  a  physical  basis)  this 
appears  to  be  a  reasonable  assumption  considering  that  ^e  AP  is  the  domi¬ 
nant  ingredient  of  the  propellant.  Also,  the  results  of  the  thermocouple 
measurements  (see  Section  IV)  seem  to  indicate  that  the  measured  tempera¬ 
ture,  which  is  necessarily  in  the  binder,  varies  considerably  with  different 
oxidizers  indicating  that  ^e  surface  temperature  is  closely  related  to  that 
of  the  oxidizer.  Thus,  assuming  that  the  two  temperatures  are  equivalent 
seems  reasonable. 


The  mathematical  formulation  of  the  flame  structure  follows.  The 
energy  equation  in  one- dimension  for  steady  state  conditions  and  constant 
thern^  properties  is; 


« 


t 


Q'exp  (-E/RTJ 


0 


(3) 


If  it  is  assumed  that  the  heat  releases  take  place  at  the  boundaries  only. 
Equation  (3)  becomes 


d*T  dT 

with  the  general  solution  being 


(4) 
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ft 
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T  =  A  +  B  exp  (rx/ot^)  (5) 

The  derivative  with  respect  to  distance  is 

^  ®  ®^P  =  —  B  exp  (( )  (6) 

t  *  t 

where  ^  is  a  non-dimensional  distance.  The  boxiudary  conditions  are 
atx=-ao,  T  =  T 

o 

at  X  =  0,  T  =  T 

s 

+  tnpi  Ti  -  ^  ^  '^1  (7) 

at  X  =  x’^p,  T  =  T^p 

+  m.pCi  Tj  +  m^pQy^p  =  +  m^cj  T3 

dx  dx 

at  X  =  x^ ,  T  =  T^ 

-X3 — ?  +  m—cj  Tj  +  =  -X*  — 1  +  mq,c«  T^ 

dx  ^  ^  ^  dx  ^ 

jfe  ^Ta  * 

at  X  >  x«  - i  =  0 

*  dx 


The  heat  releases  thus  written  represent  an  endothermic  reaction  at  the 
sur&ice  and  two  exothermic  reactions  in  the  gas  phase.  Combining  the 
last  two  boundary  conditions  and  assuming  that  the  thermal  properties 
are  constant  across  the  flame  fr<mt 


m.pQ^ 


(8) 


Equation  (6)  for  zone  3  becomes 
dTj  _  r  *  ' 


'AP 


dx 


't3  exp(^j*)  -  exp(^^p) 


ex 


p«*; 


(9) 


Combining  Equations  (8)  and  (9)  at  x  «  x^  gives 
’^AP  “  ^  [1  -  exp(-4j*  )] 


(10) 
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where 

At  the  AP  flame,  assuming  constant  thermal  properties,  the  boundary 
condition  reduces  to 

Equation  (6)  for  zone  2  becomes 

-£Zi  =  _L  '  ^8  exp(0  (12) 

^  “g  «Pt<Ap)-l 
Combining  Equations  (9),  (11)  and  (12)  yields 


In  zone  1  for  the  solid  AP,  Equation  (6)  becomes 

^  =_i-  (T3  -  To)  exp(0  (14) 

dx 


Combining  Equations  (12)  and  (14)  with  the  surface  boundary  conditions’ 

(i.e.  X  =  0) 

■m-pC  (Ty^p  *T^) 

-mp.ci  (Ts  -  To)  +  mp.ci  T^  -  mp,Qp^  =  exp(^^^  -  1  ^  "^T^g 


and  thus 


—  To- 


T*d  -  T 
AP  B 


"g  «xp(4^p)*l 


Incorporating  Equations  (10)  and  (13)  into  Equation  (16)  gives  the  surface 
temperature  as 

T  •  £1  To  -  t  £aP  „p(.(*p)  t  (17) 

8 

8  8  8 


Combining  Equation  (17)  with  Equations  (1)  and  (2)  results  in  a  transcen* 
dental  equation  in  the  burning  rate  due  to  the  exponentials  in  ^  . 
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The  flame  stand-off  distances  must  be  evaluated  in  order  to  solve 
Equation  (17).  The  AP  flame  has  been  assumed  to  be  a  premixed  flame  and 
it  would  appear  reasonable  to  assume  that  it  is  controlled  by  a  second  order 
reaction.  Thus,  the  stand-off  distance  is  the  product  of  the  average  gas 
velocity  and  the  average  reaction  time,  x*  =  v  t  .  Where 


The  diffusional  stand-off  distance  is  approximated  utilizing  the 
analysis  of  Burke  and  Schumann  (8).  They  determined  the  total  height 
(i,  e.  ,  at  the  center  of  the  crystal  in  Figure  1)  of  diffusicr:  flames  as  a 
function  of  the  surface  dimensions.  Averaging  this  flame  height  in  order 
to  simulate  the  one -dimensional  model  gives 

x*  =  nav  —  (20) 

"  D 


where  b  is  a  dimension  of  the  system.  The  mass  diffusivity  of  gases 
are  pressure  and  temperature  dependent  as  is  the  velocity.  Thus, 


V  RT  P 

—  - 

D  P  M  D  T'' 
o 


m 

ox 

D  tO‘75 
o 


(21) 


Where  v  has  been  taken  as  approximately  1.  75  (9)>  Therefore  the  diffu¬ 
sional  distance  can  be  calculated  as  a  function  of  the  regression  rate,  the 
average  gas  temperature,  a  parameter  relating  to  the  oxidizer  particle 
size  and  weight  fraction  (i.  e.  b),  and  an  averaged  non-dimensional  height 
which  is  also  a  function  b. 

The  heat  releases  for  the  AP  can  be  readily  evaluated.  The  Q. 
can  be  taken  as  the  endothermic  heat  of  subliniati<m  that  has  been  repoi^i 
(6,  10).  The  gas  phase  beat  relea,..  can  be  calculated  from  the  flame 
temperature  assuming  an  average  heat  capacity.  This  leaves  the  heat 
release  at  the  diffusion  flame  front  to  be  evaluated.  This  can  be  dcme  in 
the  same  way  as  Q^P  evaluated.  Assuming  a  mean  average  heat  capa¬ 
city  for  the  solid  propellant  and  the  combustion  gases,  the  sum  of  the 
various  heat  releases  multiplied  by  the  apprc^rUte  weight  factor  is  equal 
to  the  sensilde  heat. 
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c  (Tj  -  TJ  =  o((-Q^)  +  (!-«)(  -  AHp)  +  otQ^p  ^  Qf 

=  c  (T^  -  T^)  -occtT^p  .  TJ  +  (l-oc)  (22) 

Thus,  the  heat  release  for  the  flame  includes  the  effect  of  the  binder,  and 
this  effect  becomes  most  predominant  at  low  pressures. 

With  this  method  of  determining  the  surface  temperature,  Equation 
(1)  can  now  be  solved  for  the  linear  burning  rate  of  the  propellant. 


(The  reverse  is  blank) 
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SECTION  IV 

EXPERIMENTAL  INVESTIGATION 


(U)  1,  GENERAL  DISCUSSION 

The  objective  of  the  experimental  studies  conducted  in  this  research 
program  is  to  supply  information  regarding  the  combustion  process  of 
selected  propellant  systems  necessary  for  the  development  of  the  CT  model, 

A  great  deal  of  experimental  data  are  available  in  the  literature  for  this  pur¬ 
pose  and  have  been  compiled  in  the  literature  survey  (3).  However,  in  many 
cases,  these  data  are  incomplete  for  the  purposes  of  developing  a  CT  model 
for  specific  propellant  systems.  As  a  result,  a  two-part  experimental  pro¬ 
gram  is  being  conducted  to  obtain  these  data.  The  first  part  supplies  insight 
into  the  physical  processes  occurring  during  the  combustion  of  solid  pro¬ 
pellants.  Tests  are  conducted  in  windowed  apparatus  using  small  samples  of 
propellants. 

These  tests  yield  the  following  data: 

•  Burning  rate  characteristics  of  propellants  as  measured 
in  a  combustion  bomb  environment 

•  High  speed  cinematography  studies  of  burning  propellant 
surfaces,  including  metal  activity 

•  Surface  structure  studies  tlirough  examination  of  extinguished 
surfaces  with  photomicrographic  techniques 

•  Thermal  wave  profile  studies  through  the  use  of  a  micro¬ 
thermocouples  embedded  in  the  propellant 

The  second  part  deals  with  the  effect  of  a  motor  enviriximent  upon 
the  combustion  characteristics  of  solid  propellants.  These  tests  are  con¬ 
ducted  in  a  windowed  slab  combustor  (4  and  5),  closely  representing  the 
environment  of  a  rocket  motor.  This  combustor  uses  two  opposed  propellant 
slabs  of  6.0  by  2.0  by  0.625  inch  dimensions. 

Data  from  these  tests  include: 

•  Burning  rate  characteristics  of  propellants  are  measured  in 
a  rocket  motor  environment 

•  Heat  flux  levels  generated  by  the  burning  propellant  in  this 
environment 

e  Metal  combustion  efficiencies,  in  terms  of  percent  unbumed 

metals  issuing  from  the  slab  combustor  noszle  and  c'^  efficiency 
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Data  from  tests  conducted  in  the  slab  combustor  are  not  used 
directly  in  the  development  of  the  analytical  model.  Rather,  these  tests  pro¬ 
vide  data  that  can  be  used  as  boundary  conditions  in  the  CT  model  represent¬ 
ing  the  effect  of  the  motor  environment  upon  the  combustion  process  (e.  g.  , 
heat  flux  from  the  thermal  environment  and  the  influence  of  metal  combustion 
on  the  environment). 

In  the  following,  results  from  experiments  conducted  in  the  past 
report  period  are  presented  and  discussed  in  terms  of  the  CT  model 
development. 

2.  PROPELLANT  FORMULATIONS  AND  BURNING  RATES 

a.  Approach 

(C)  In  the  last  phase  report  (5),  a  list  of  propellants  was  presented 

comprised  of  propellant  systems  containing  different  ingredients  deemed 
important  for  experimental  study.  The  list  consisted  of  two  parts.  The 
first  considered  propellants  containing  oxidizers  of  various  type  (viz.  AP, 
KP,  HAP,  andHMX),  concentration,  and  grind  sizes.  These  propellants 
are  used  in  experiments  to  gain  insight  into  the  physical  processes  occurring 
during  combustion.  Formulation  for  these  propellants  are  summarized  in 
Table  I. 

(C)  The  second  part  of  the  list  considered  propellants  containing 

metal  (viz.  aluminum  and  LMH- 1)  and  active  binders  (NF  binders).  These 
propellants  also  are  tested  to  gain  insight  into  the  physical  processes 
occurring  during  combustion.  However,  additonal  tests  will  be  conducted  in 
the  slab  combustor  using  the  metallzed  propellants  and  selected  non- 
metalized  propellants  for  control  purposes. 

(C)  A  polyester  binder  with  isocyanate  cure  was  used  for  the  binder 

in  each  of  the  propellants  except  the  formulation  containing  HAP.  For  that 
propellant,  a  saturated  binder  (hydroxyl-terminated  hydrogenated  poly¬ 
butadiene)  was  used  because  of  compatibility  problems  between  the  binder 
and  the  HAP.  These  binders  will  be  referred  to  as  polyurethane  (PU)-type 
and  saturated  hydrocarbon  binders  in  the  following  discussions. 

b.  Propellants  Containing  AP 

(U)  Five  different  formulations  were  prepared  using  AP  in  three 

unimodal  particle  distributions  (viz.  8,  50,  and  200-micron  mean  diameter) 
and  three  concentrations  (viz.  70,  74,  and  78  percent  by  weight).  Formula¬ 
tions  using  the  fine  and  coarse  grinds  contained  74-percent  AP  while  the 
medium  grind  was  used  in  formulations  containing  the  three  AP  concentra¬ 
tions.  The  maximum  solids  loading  of  78  percent  by  weight  was  determined 
by  adding  SO -micron  AP  to  an  uncured  mix  until  a  viscosity  was  attained 
which  allowed  satisfactory  cast  properties. 

(U)  Burning  rates  for  three  propellants  having  the  same  oxidizer 

grind  size  (SO  microns)  and  changes  in  the  AP  concentration  are  presented 
in  Figure  3.  It  can  be  seen  that  increasing  the  concentration  of  AP  in  this 
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propellant  system  increased  the  burning  rate  over  the  pressure  range  con> 
sidered.  However,  the  shape  or  slope  remains  approximately  unchanged 
over  the  pressure  ranges  where  the  propellants  burned. 

(U)  It  was  found  that  combustion  was  not  sustained  in  these  propel¬ 

lants  over  the  range  of  pressure  at  which  burning  rates  were  attempted  (l 
atmosphere  to  2000  psia).  It  also  was  observed  that  the  propellant  contain¬ 
ing  the  highest  concentration  of  AP  (835-2-3)  burned  over  a  greater  pressure 
range  than  that  of  the  other  two  propellants.  This  appears  to  indicate  that  a 
deficiency  in  the  oxidizing  species,  at  and  above  the  surface  at  those  pres¬ 
sures  where  the  propellant  will  not  sustain  combustion,  could  lead  to  self 
extinguishment.  In  particular,  self  extinguishment  could  manifest  from 
special  sources; 

•  The  rate  of  oxidizer  decomposition  is  too  slow  and  the 
oxidizer  concentration  too  low  to  supply  sufficient 
energy  to  sustain  combustion  at  low  pressures. 

•  The  binder  is  melting,  running  over,  and  quenching 
decomposing  oxidizer  crystals  at  high  pressure. 

•  The  AP  burning  rate  at  high  pressure  is  too  rapid  to 
maintain  the  required  statistical  geometric  balance 
between  AP  and  binder. 

(U)  Further  discussion  of  these  postulates  describing  self- 

extinguished  samples  is  included  under  a  later  section  of  this  report  dealing 
with  surface  strxicture  studies  of  extinguished  propellants. 

(U)  Burning  rates  for  three  propellants  having  the  same  oxidizer 

concentration  and  changes  in  the  oxidizer  grind  size  are  presented  in  Fig' 
ure  4.  The  effect  of  increasing  the  particle  size  is  seen  to  increase  the 
burning  rate.  For  the  largest  particle  size  (935-2-4),  a  slight  decrease  in 
slope  was  noted  at  pressures  around  50  psia.  Additional  datum  points  were 
taken  near  50  psia  which  verified  the  existence  of  this  drop  in  slope.  Further 
evidence  that  this  is  a  real  effect  was  revealed  in  the  literature.  Burning 
rate  data  for  AP  oxidized  propellant  with  large  particle  sizes  as  reported 
(11)  shows  this  same  effect  at  pressures  close  to  50  psia. 

(U)  Self- extinguishment  characteristice  of  these  propellants  pro¬ 

vides  new  evidence  that  melting  binder  could  be  smothering  the  decomposing 
AP  crystals  at  high  pressures.  Since  the  larger  crystals  project  above  the 
burning  surface  higher  than  the  small  crystals,  it  would  be  expected  that  the 
decomposition  of  larger  crystals  would  not  be  as  susceptible  to  quenching. 

In  addition,  the  area  of  decomposition  sites  would  be  greater  for  the  larger 
crystals  than  for  the  smaller  crystals.  Thue,  the  binder  would  have  to  flow 
over  a  greater  area  to  smother  the  oxidizer  decomposition  process.  On  the 
other  hand,  those  AP  crystals  depressed  at  higher  pressure  may  be  con¬ 
sumed  before  a  succeeding  layer  is  exposed. 

(U)  Although  these  formulations  are  not  representative  of  useful 

propellants,  and  the  self-extinguishment  phenomena  appear  to  be  unique  to 
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Figure  4  Burning  Characteristics  of  Propellants  Showing  fiffect  of  AP  Size 
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propellants  of  this  type,  the  data  being  obtained  will  be  valuable  for  the  com¬ 
bustion  modeling  of  the  non-metalized  system  and  for  determination  of  the 
role  of  metal  in  the  modeling  of  a  practical  system. 

c.  Propellants  Containing  KP 

(U)  Propellants  oxidized  with  KP  are  of  interest  because  they 

behave  so  differently  from  ammonium  perchlorate  propellants  and  because 
KP  is  not  a  monopropellant.  In  addition,  the  decomposition  of  KP  does  not 
produce  an  acid  such  as  HCIO4  which  could  lead  to  heterogeneous  attack  of 
the  binder.  Rather,  it  forms  molten  KCl  and  O2.  As  a  result,  experimental 
studies  using  propellants  containing  KP  should  lead  to  information  helpful  in 
developing  the  CT  model. 

(U)  Five  propellant  formulations  were  prepared  containing  KP  as 

the  oxidizer.  These  propellants  had  varying  concentrations  of  oxidizer  (viz. 
70,  74,  and  78  percent  by  weight)  and  three  unimodal  particle  distributions 
(viz.  20,  50,  and  100-micron  mean  diameter), 

(U)  Burning  rates  for  three  propellants  having  the  same  oxidizer 

size  (50  microns)  with  changes  in  the  KP  concentration  are  presented  in 
Figure  5.  It  can  be  seen  that  the  effect  of  increasing  KP  concentration  is  to 
slightly  increase  the  burning  rate  at  pressures  less  than  1000  psia.  At 
higher  pressures,  it  appears  that  the  burning  rate  is  essentially  the  same 
for  each  of  the  selected  formulations.  Comparison  of  these  data  to  burning 
rates  measured  for  an  arcite/KP  propellant  (12)  show  similar  burning 
characteristics.  Thus,  these  binders  apparently  do  not  play  an  important 
part  in  determining  burning  rate  for  propellants  containing  KP. 

(U)  Burning  rates  and  formulations  for  two  propellants  showing  the 

effect  of  KP  grind  size  are  shown  in  Figure  6.  At  low  pressures,  it  appears 
that  the  finer  grind  KP  yields  higher  bum  rates  than  indicated  for  the  coarse 
grind  KP. 

(U)  However,  at  higher  pressures  (greater  than  300  psia)  the 

opposite  trend  is  observed.  Thus,  it  would  appear  that  the  effect  of  KP 
particle  size  is  dependent  upon  pressure  and  cannot  be  generalized.  A 
similar  effect  has  been  reported  in  the  literature  for  KP/AP  combinations 
wherein  finely  ground  KP  produced  lower  burning  rates  than  coarse  ground 
KP  over  pressures  ranging  from  60  to  1500  psia  (13). 

(U)  The  propellant  formulation  containing  coarse  ground  KP  (835- 

4-4)  was  not  available  for  comparison  purposes  in  this  plot.  When  these  data 
are  obtained,  the  effect  of  varying  KP  size  should  be  better  understood, 

(U)  Self- extinguishment  of  the  KP  oxidized  propellants  was  observed 

only  at  low  pressures.  The  absence  of  extinguishment  at  the  higher  pres¬ 
sures  could  be  a  result  of  the  decomposition  processes  of  the  KP.  Perhaps 
the  presence  of  molten  KP  on  the  surface  could  provide  a  basis  for  this 
difference  to  the  previously  described  results  for  AP  oxidized  propellants. 
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(U)  At  low  pressures,  the  propellant  containing  the  largest  con¬ 

centration  of  KP  (835-4-3)  burned  where  those  containing  lesser  amounts 
would  not  sustain  combustion.  It  appears  here  that  the  same  reason  as 
postulated  for  the  AP  oxidized  propellants  can  be  offered  for  this  combustion 
limitation.  The  stoichiometry  of  the  combustion  process  is  too  fuel  rich  to 
sustain  combustion.  Although  KP  liberates  more  oxygen  than  does  AP,  the 
existence  of  a  molten  layer  of  KCl  could  contribute  to  quenching  at  higher 
pressures. 

(U)  The  fairly  uniform  high  slope  of  the  KP  propellant  system  is 

suggestive  of  a  second-order  gas  phase  dif^sion  flame  reaction  as  governing. 

d.  Propellants  Containing  HAP 

(C)  Propellants  containing  HAP  are  of  interest  to  this  research 

program  because  of  their  potential  in  supplying  higher  specific  impulse  than 
AP  oxidized  propellants.  To  allow  development  of  the  CT  model  to  include 
this  type  of  oxidizer,  four  formulations  were  prepared  for  experimental 
study.  In  these,  the  oxidizer  concentration  was  maintained  constant  and  the 
grind  size  varied  over  four  particle  distributions.  Three  of  these  particle 
sizes  were  obtained  by  screening  a  broad  distribution  of  HAP  to  yield  a 
relatively  fine  (45-105  micron),  medium  (105-210  micron),  and  coarse 
(greater  than  210  microi^  grinds.  The  fourth  size  consisted  of  the  broad 
distribution  unscreened  (135-micron  mean  diameter). 

(C)  Burning  rate  for  propellants  containing  HAP  are  presented  in 

Figure  7.  The  particle  size  effect  is  somewhat  similar  to  results  presented 
for  propellants  containing  KP.  Propellants  containing  finer  grind  HAP  burn 
faster  than  the  coarse  material  at  low  pressures;  uHliile  at  high  pressures 
(greater  than  1200  psia),  the  opposite  trend  appears.  It  is  interesting  to 
note  that  such  an  effect  was  not  found  using  AP  propellants  within  the  imposed 
pressure  limits.  However,  the  shape  of  the  curves  resembles  that  of  AP 
propellants. 

(C)  Comparison  of  burning  rates  for  the  HAP  with  broad  particle 

distribution  (835-5-5)  to  those  of  the  three  relatively  narrow  cuts  yields  an 
interesting  interdependence  of  the  burning  rate  upon  grind  size.  At  low 
pressures,  the  broad  distribution  HAP  showed  rates  close  to  the  coarse 
material.  However,  at  pressures  above  400  psia,  the  rates  of  the  broad 
distribution  and  fine  material  were  approximately  the  same.  Bastress  found 
an  opposite  trend  with  bimodal  AP  systems  (14). 

(C)  Therefore,  while  the  character  of  the  burning  rate  of  the  HAP 

system  is  similar  to  that  of  the  AP  system  in  some  respects,  there  appears 
to  be  a  subtle  difference  in  particle  size  effects.  A  major  difference  is  the 
ability  of  the  HAP  system  to  sustain  combustion  at  higher  pressures  than 
could  AP  of  equivalent  particle  size.  Perhaps  the  HAP  crystal  does  not  bum 
as  fast  and  become  as  depressed  into  the  surface  as  does  the  AP  crystal. 
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Figure  7  Burning  Characteristics  of  Propellants  Showing  Effect  of  HAP  Size 
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e.  Propellants  Containing  HMX 

(10  HMX  is  of  interest  in  this  research  program  because  its  com¬ 

bustion  properties,  when  burned  in  a  binder  matrix,  can  be  related  to  para¬ 
metric  changes  in  the  CT  model.  Since  HMX  is  a  crystalline  powder,  it  can 
be  likened  to  AP,  HAP,  and  KP  in  physical  description.  However,  it  is  not 
an  oxidizer  per  se  because  it  burns  as  a  monopropellant  yielding  products 
that  contain  negligibly  small  fractions  of  oxidizing  species  when  compared  to 
the  previously  mentioned  oxidizers.  Thus,  experimental  data  from  propel¬ 
lants  containing  HMX  alone  could  provide  data  concerning  changes  in 
stoichiometry  of  the  combustion  process.  Further  parametric  changes  that 
HMX  provides  include  a  very  high  decomposition  flame  temperature  com¬ 
pared  to  that  of  AP  or  HAP,  and  the  possibility  that  heat  transferred  back  to 
the  binder  surface  is  not  controlled  by  diffusion  of  the  binder  pyrolysis 
products  with  oxidizing  species. 

(U)  Five  propellant  formulations  were  prepared  using  HMX  as  the 

oxidizer.  These  propellants  had  varying  concentration  of  HMX  (viz.  70,  74, 
and  78  percent  by  weight)  and  three  particle  size  distributions  (viz.  class  A, 
class  B,  and  class  E). 

(U)  Burning  rates  for  three  propellants  having  the  same  HMX  grind 

size  (class  B)  with  the  above  mentioned  concentration  changes  are  presented 
in  Figure  8.  Pressures  below  which  combustion  was  not  sustained  were 
higher  for  these  propellants  than  found  for  previously  discussed  propellants, 
possibly  reflecting  the  poor  stoichiometry.  At  pressures  where  combustion 
was  sustained  for  all  three  HMX  propellants,  the  concentration  changes 
showed  little  influence  upon  the  burning  rate,  and  the  character  of  the  curve 
is  similar  to  that  with  KP. 

(U)  Because  of  the  small  fraction  of  oxidizing  species  available  to 

these  propellant,  it  appears  that  the  burning  is  controlled  by  the  pres  sure - 
dependent  heat  transfers  to  the  binder.  Thus,  the  slow  rates  may  be  repre¬ 
sentative  of  binder  thermal  degradation. 

(U)  Burning  rates  for  two  propellants  containing  the  same  HMX  con¬ 

centration  (74  percent  by  weight)  and  different  particle  distribution  are  pre¬ 
sented  in  Figure  9.  It  can  be  seen  that  the  propellant  containing  coarse  HMX 
(835-6-4)  has  a  lower  burning  rate  than  the  propellant  containing  medium 
material  (835- 6-Z).  However,  at  high  pressure,  the  coarse  HMX  propellant 
shows  an  increase  in  slope  not  found  with  the  propellant  containing  medium 
material.  Burning  rates  for  a  propellant  containing  a  fine  particle  size  of 
HMX  have  not  been  completed.  These  data  will  provide  further  information 
regarding  the  effect  of  HMX  size  on  burning  rate. 

(U)  3.  STUDY  OF  THE  SURFACE  STRUCTURE  OF  EXTINGUISHED 

PROPELLANTS 

The  purpose  of  this  study  is  to  gain  information  concerning  the  physi¬ 
cal  nature  of  the  burning  surface  of  solid  propellants.  Results  obtained  from 
this  study  are  used  in  incoporating  realistic  surface  phenomena  associated 
with  the  combustion  process  of  different  propellants  in  the  CT  model.  The 
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approach  followed  is  to  extinguish  burning  samples  of  propellant  in  a  combus¬ 
tion  bomb  by  rapid  depressurization  and  infer  the  structure  of  the  burning 
surface  from  the  observed  structure  of  the  extinguished  surface.  A  descrip¬ 
tion  of  the  experimental  apparatus  is  given  in  (5). 

In  the  early  stages  of  this  experiment,  extinguished  samples  of  a 
CTPB/AP  propellant  were  studied  using  aui  American  Optical  Microscope 
(Spencer  Type  Binocular  Bench  Scope)  with  10-80X  magnification.  This 
method  of  examination  was  limited  because  of  poor  depth-of-field  at 
higher  magnification.  The  orientation  of  large  crystals  on  the  surface  was 
discernible;  however,  inspection  of  surface  microstructure  (e.  g.  ,  fine 
details  on  the  surface  of  exposed  crystals,  fine  details  on  the  surface  of  the 
binder,  and  evidence  of  interaction  along  oxidizer  binder  interfaces)  were 
not  possible. 

To  remedy  this  limitation,  an  arrangement  was  made  with  Naval 
Weapons  Center,  China  Lake,  California,  wherein  Lockheed  Propulsion 
Company  would  supply  extinguished  samples  to  NWC  for  the  purpose  of 
inspection  through  a  scanning  electron  microscope  (SEM).  The  SEM  enables 
viewing  of  the  samples  at  magnifications  up  to  100,000X  (up  to  2300X  is  used 
in  this  study)  while  retaining  depth  of  fields  far  superior  to  the  optical  micro¬ 
scope.  Analysis  of  photographs  taken  through  the  SEM  was  conducted  jointly 
with  NWC  personnel. 

Photographs  are  presented  showing  extinguished  surfaces  of  pro¬ 
pellants  consisting  of  ammonium  perchlorate  and  either  a  CTPB  binder 
(referred  to  as  Mod  AGC-NOAL)  or  a  PU  binder  (propellants  835-2-2  and 
835-2-4).  These  photographs  represent  the  first  results  obtained  through  a 
SEM  in  this  research  program  for  the  purpose  of  surface  structure  studies. 
Because  of  this,  observations  reported  herein  should  be  considered  of  a  pre¬ 
liminary  nature  until  comparisons  can  be  made  to  photographs  obtained  using 
other  propellant  systems. 

Figures  10  and  11  present  typical  photographs  taken  through  the 
SEM  of  samples  consisting  of  22-percent  PU  binder  and  78>percent  50  micron 
ammonium  perchlorate  (835-2-2)  which  were  burned  at  pressures  of  100  psia, 
200  psia,  and  300  psia.  Inspection  of  the  photographs  shown  in  Figure  10 
reveals  that,  at  low  pressures,  the  pyrolysis  rate  of  the  AP  was  less  than 
that  of  the  binder,  thus  confirming  the  observation  reported  by  Bastress  (14) 
that  the  AP  protrudes  above  the  b^der  surface  at  low  pressures.  Also,  the 
smooth  flowing  appearance  of  the  binder  suggests  that  the  PU  binder  was 
molten  during  burning.  It  is  of  interest  to  note  that  all  of  the  views  shown  in 
this  figure  indicate  definite  ' -undercutting"  of  the  PU  at  the  oxidizer  particles' 
boimdaries.  Such  an  undercutting  possibly  could  indicate  that,  at  these  low 
pressures,  heterogeneous  reactions  as  modeled  by  Hermance  occurred  be¬ 
tween  the  AP  and  the  binder  during  combustion.  However,  another  possibility 
is  that  the  diffusion  flame  between  the  decomposition  products  of  the  AP  and 
the  binder  is  so  close  to  the  surface  at  this  low  pressure  that  the  heat  trans¬ 
fer  to  the  interface  is  enhanced  causing  the  undercutting.  At  pressures  of 
200  and  300  psia,  the  AP  <  rystals  still  appeared  to  protrude  above  the  binder 
surface,  as  shown  in  Figure  11. 
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Photographs  of  a  propellant  consisting  of  26-percent  PU  binder  and 
74-percent  200  micron  AP  (835-2-4)  are  shown  in  Figure  12.  These  photo¬ 
graphs  illustrate  the  effects  of  pressure  on  the  surface  structure.  The 
photographs  on  the  left  (Figures  12a,  12c,  and  12e)  are  for  samples  extin¬ 
guished  at  a  pressure  of  100  psia  and  those  on  the  right  were  obtained  at  800 
psia.  Both  sets  of  samples  dramatically  indicate  that  the  binder  was  molten 
prior  to  quench.  At  the  lower  pressure,  the  AP  crystals  protrude  above  the 
binder  surface  and  undercutting  is  again  noted.  Whereas  at  the  higher  pres¬ 
sure,  the  AP  crystals  are  recessed  below  the  binder  surface  to  the  extent 
that  the  molten  binder  has  apparently  flowed  into  the  recesses  and  covered 
the  AP  surfaces  (possibly  during  extinguishment).  This  phenomenon  could 
lead  to  an  explanation  of  why  some  PU  propellants  do  not  sustain  combustion 
at  high  pressures  as  reported  earlier.  As  the  pressure  is  increased,  the 
regression  rate  of  the  AP  eventually  becomes  greater  than  the  binder  regres¬ 
sion  and  the  molten  binder  then  flows  over  the  AP  crystals  inhibiting  their 
combustion  and  causing  extinguishment.  At  pressures  intermediate  between 
these  two  extremes,  the  propellant  surface  follows  the  trend  that  might  be 
expected  (i.  e. ,  the  regression  rates  of  the  binder  and  oxidizer  appear  to  be 
equal  at  approximately  600  psia). 

Figure  13  contains  photographs  of  propellant  type  835-2-4  burned  at 
600  psi.  The  bubble  formation  is  typical  of  structures  that  have  been  ob¬ 
served  in  studies  of  AP  deflagration  using  single  crystals  (7  and  15)  and  has 
been  interpreted  as  indicating  that  the  surface  of  the  AP  is  covered  by  a  thin 
molten  AP  layer.  Gases  formed  from  the  decomposition  of  the  AP  within  the 
molten  layer  expand  during  rapid  depressurization  causing  the  bubble  forma¬ 
tion  as  the  AP  freezes.  Indeed,  it  would  be  difficult  to  explain  the  bubble¬ 
like  structure  without  assuming  the  existence  of  a  liquid  state.  Similar  types 
of  structures  are  evident  in  the  majority  of  AP- oxidized  samples  studied. 

The  volcano-like- structure  seen  in  Figures  lOd,  11c,  and  lid,  and  the  vented 
structures  shown  in  Figures  11a  and  11b,  also  appear  to  indicate  condensed 
phase  subsurface  reactions  taking  place  within  the  AP  prior  to  quench. 
Furthermore,  it  appears  that  these  reactions  always  occur  in  the  portion  of 
the  AP  crystal  that  indicates  a  molten  state  prior  to  quench.  These  struc¬ 
tures  2uid  the  microstructures  observed  in  other  photographs  of  these  samples 
are  typical  of  structures  observed  of  AP  samples  heated  by  external  sources 
at  low  pressures  (15). 

By  mechanically  stressing  the  quenches  samples  it  was  possible  to 
break  the  AP/binder  bond  releasing  the  AP  crystals  as  seen  in  Figure  14. 
Examination  of  the  displaced  crystals  and  one  of  the  craters  left  undisturbed 
in  the  binder,  as  seen  in  Figures  14b and  14c,  shows  no  indication  of  subsur¬ 
face  interfacial  reaction  between  the  AP  and  the  binder. 

The  effect  of  binder-type  on  the  surface  structure  was  explored 
through  SEM  photographs  of  a  propellant  containing  a  CTPB  binder.  The 
propellant  was  examined  previously  through  an  optical  microscope  and  re¬ 
ported  in  (5).  Results  from  these  tests  at  600  psia  are  included  in  Figure  15. 
Figures  I5a  and  15b  again  indicate  that  the  surface  of  the  AP  crystals  were 
molten  as  with  the  PU  binder  and  that  subsurface  reactions  in  the  molten 
phase  of  the  AP  resulted  in  gas  liberation  within  the  molten  phase.  The 
photographs  seen  in  Figures  15c- 15e  seems  to  indicate  that  interfacial 


-32- 

UNCLASSIFIED 


100  MICRONS  I  10  MICRONS 


7476 


8.600^Si«  I2«0x> 


C.  «00  PSIA  <2«0X1 


e.  600  PStA  r^OOX^ 


r.  600PS^A  46O0X) 


Figure  14  S£M  Photographs  of  835-2-4  at 
Crystal  Detail 


-35- 


0.  600P$IA(240X) 


600  psi  Showing 


UNCLASSIFIED 


LOCKMaaD  IHVOmiUHON  COMPANY 


AFRPL-TR-68-191 


UNCLASSIFIED 


835  Phase  IV 


reactions  were  not  present  at  the  CTPB-AP  interface  at  this  pressure.  In 
addition,  the  absence  of  undercutting  at  lower  pressures  seems  to  indicate  a 
total  lack  of  heterogeneous  reactions  at  the  AP/binder  interface  with  the 
CTPB  samples.  Also,  there  is  no  indication  of  the  CTPB  binder  melting  as 
with  the  PU  binder  (i,  e.  ,  the  binder  does  not  have  a  smooth  flowing  appear¬ 
ance  nor  the  "cracked-mud"  appearance  as  seen  in  Figure  12).  An  additional 
contrast  in  behavior  between  PU  and  CTPB  propellants  is  that,  at  600  psia, 
the  AP  crystals  still  protrude  slightly  above  the  CTPB  binder.  The  CTPB 
binder  may,  therefore,  have  a  higher  pyrolysis  rate. 

A  characteristically  domed  appearance  of  the  AP  crystals  is  demon¬ 
strated  clearly  in  Figures  16a- l6c  for  the  PU/AP  propellant  which  was 
burned  at  528  psia.  AP  crystals  released  from  the  CTPB  binder  by 
mechanically  stressing  the  quenched  sample  is  shown  in  Figure  I6d.  Again, 
as  observed  with  the  PU  propellants,  the  photography  shows  no  indication  of 
subsurface  interfacial  reactions  between  the  AP  and  the  binder. 

The  results  presented  above  summarize  only  the  more  significant 
observations  derived  from  SEM  photographs  of  available  AP  oxidized  pro¬ 
pellants.  Future  studies  of  other  propellants  (as  outlined  earlier)  could 
possibly  expose  some  phenomena  not  immediately  recognizable  in  the  photo¬ 
graphs  presently  available. 

(U)  4.  THERMAL  PROFILE  STUDIES  USING  MICROTHERMOCOUPLES 

The  objective  of  this  study  is  to  measure  the  thermal  profile  in  pro¬ 
pellants  by  embedding  fine  chromel-alumel  vire  thermocouples  (0.0003  in. 
diameter)  in  propellant  samples.  The  thermal  profile  beneath  the  propellant 
surface  is  dependent  upon  the  burning  rate,  thermal  wave  characteristic 
time,  surface  temperature,  and  heat  release  within  the  solid.  Information 
can  be  derived  from  a  thermal  profile  by  examining  the  change  in  the  slope  of 
that  profile.  Small  changes  in  the  slope  can  indicate  the  presence  of  exo¬ 
thermic  or  endothermic  reactions  within  the  solid.  Whereas,  abrupt  changes 
in  the  slope  can  indicate  the  thermocouple  has  reached  the  surface;  thus,  the 
surface  temperature  can  be  found.  A  detailed  discussion  of  data  analysis 
techniques  for  thermal  profiles  is  presented  in  (4). 

Thermal  profiles  were  measured  in  propellants  containing  26- 
percent  PU  binder  and  74-percent  class  A  HMX  (propellant  835-6-4)  at 
pressures  of  200,  300,  and  400  psia.  The  results  of  these  tests,  shown  in 
Figures  17  through  19,  indicate  tliat  the  surface  temperature  of  the  PU/HMX 
propellant  is  about  780'’C.  In  every  case,  the  temperature  profile  slope 
changed  abruptly  at  this  temperature.  Additional  thermal  profiles  at  200  and 
300  psia  confirmed  this  temperature. 

The  overall  shape  of  each  of  the  thermal  profiles  indicate  that  the 
propellant  was  preheated  to  a  depth  exceeding  a  distance  expected  from 
thermal  conduction  alone.  This  "in  depth"  heating  was  discussed  in  a  pre¬ 
vious  report  (4)  and  was  attributed  to  radiative  preheating  of  the  solid. 

Small  changes  in  the  thermal  profile  slope  could  be  due  to  exothermic  or 
endothermic  reactions  within  the  solid.  To  check  this  hypothesis,  samples 
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of  the  same  propellant  were  tested  on  a  differential  scanning  calorimeter 
(DSC).  Results  showed  that  this  propellant  has  a  small  endotherm  beginning 
at  200®C  that  reaches  a  peak  at  204®C.  Following  the  endotherm,  the  pro¬ 
pellant  exhibits  a  large  exotherm  beginning  at  247-257°C  and  reaches  a  peak 
at  297-305®C.  The  peak  temperature  of  the  endotherm  and  exotherm  are 
shown  in  Figures  17  through  19  for  comparison  purposes  to  the  thermal 
profile  results.  In  every  case,  the  change  in  the  thermal  profile  is  as  would 
be  exptected.  The  slope  increases  for  an  endotherm  and  decreases  for  an 
exotherm. 

These  data  appear  encouraging  in  that  they  show  a  definite  trend 
when  compared  with  previous  thermal  profiles  measured  in  the  research 
programs  with  AP.  The  DSC  results  have,  in  general,  correlated  with  the 
thermal  profile  shape.  Although  surface  temperatures  could  not  be  accu¬ 
rately  measured  from  profiles  obtained  for  propellants  containing  AP,  results 
for  propellants  containing  HMX  are  consistent  and  allow  accurate  measure¬ 
ment  of  the  surface  temperature.  Future  studies  using  other  propellants 
will  provide  further  information  that  can  lead  to  better  analysis  techniques  of 
the  thermal  profiles. 
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SECTION  V 

PLANS  FOR  THE  NEXT  PHASE 


1.  ANALYTICAL  INVESTIGATION 

(U)  The  equations  describing  the  two-stage  flame  structure  will  be 

incorporated  into  the  overall  model  and  programmed  for  the  computer.  The 
various  parameters  will  be  evaluated  wherever  possible  by  using  realistic 
literature  values.  Where  information  is  lacking  in  the  literature,  the  opti¬ 
mization  program  that  has  been  used  in  the  past  will  be  employed  to  arrive 
at  a  realistic  correlation  with  experimental  data. 

(U)  Once  programmed,  the  model  will  be  used  to  compare  the  computed 

burning  rate  trends  with  the  burning  rate  data  that  is  being  gathered.  This 
will  permit  an  evaluation  of  the  validity  of  the  proposed  model. 

2.  EXPERIMENTAL  INVESTIGATION 

(C)  Testing  of  propellants  having  different  oxidizers  will  be  completed. 

Thermal  profiles,  high  speed  cinematography,  and  surface  structure  studies 
will  be  conducted  for  each  of  these  propellants.  In  addition,  burning  rates 
will  be  measured  for  a  reference  control  propellant  (835-8-1)  containing 
saturated  hydrocarbon/AP.  Testing  with  this  propellant  is  necessary  be¬ 
cause  of  the  required  change  in  binder  for  the  HAP  oxidized  propellants  (see 
Table  I). 

(U)  Preparation  of  propellants  containing  metals  and  active  binders  will 
be  completed  in  the  next  quarter.  Testing  of  these  propellants  will  be 
initiated  using  windowed  apparatus  and  the  slab  combustor. 
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R 

R-18 

r 

S 

So 

SEM 

T 

TDl 

TVOPA 

V 

g 

X 

X* 

or 

AH 

P 

^av 

e 

i* 


Gas  constant 

Multron,  a  hydroxy- terminated  polyethylene  glycol 
adipate  (Mobay  Chemicals) 

Linear  propellant  burning  rate 

Surface  area 

Total  surface  area 

Scanning  electron  microscope 

Temperature 

Toluene  diisocyanate 

1, 2,  3-tri8  (1, 2-bis(difluoramino)ethoxy}propane 

Gas  velocity 

Distance 

Flame  standoff  distance 
Thermal  diffusivity 
Weight  fraction  oxidizer 
Heat  of  pyrolysis  of  binder 

Averaged  non-dimensional  distance  determined  from 
the  Burke -Schumann  analysis 

Thermal  conductivity 

Thermal  conductivity  of  the  combustion  gases 
Non-dimensional  distance;  ^  x 
Non-dimensional  standoff  distance 
Average  gas  phase  reaction  time 


Subscripts 


b 

ox 

hr 

f 

AP 

P 


Refers  to  binder 

Refers  to  oxidizer 

Refers  to  heterogeneous  reaction 

Refers  to  final  flame  conditions 

Refers  to  AP  flame  conditions 

Refers  to  solid  propellant 
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